fortii in offshore compared to inshore waters of the northern Adriatic Sea and the significant inverse relationship of these species' abundances with salinity suggested the possibility of their transport by Italian river-influenced coastal waters towards the eastern Croatian coast during the summer season and under stratified conditions. Toxicity events occurred more frequently in the more eutrophicated northern Adriatic Sea than in the southern Adriatic Sea and mostly succeeded the rainfall periods. Diarrhetic shellfish poisoning (DSP) toxin profile analyses identified okadaic acid and yessotoxin as the main DSP toxins occurring in Croatian waters.
Introduction
Dinoflagellates of the cosmopolitan genus Dinophysis (Sournia 1986 ) occur in various coastal waters (Hallegraeff 2003) , including those of the Adriatic Sea (France and Mozetič 2006) . The ecology and ecophysiology of Dinophysis species are poorly understood, mostly because they occur in low abundance, but also due to difficulties in culturing. Research on Dinophysis species increased greatly after they were linked to algal biotoxins and diarrhetic shellfish poisoning (DSP) (Yasumoto et al. 1980) . The main dinoflagellates causing DSP belong to genera Prorocentrum and Dinophysis. In contrast to Prorocentrum, Dinophysis blooms are rare, but they can induce poisoning even at low cell densities (Bruno et al. 1998) . Sedmak and Fanuko (1991) reported the presence of several Dinophysis species in the Adriatic Sea. Previous research conducted in the northern Adriatic Sea and along the western coast showed that Dinophysis distribution follows a strong seasonal pattern (Sidari et al. 1995a , Bernardi Aubry et al. 2000 , Vila et al. 2001 . In eastern Mediterranean waters, increased abundances of Dinophysis spp. can be detected at different times of the year (Koukaras and Nikolaidis 2004) . Seawater temperature and water column stability seem to be the most important factors controlling their abundances (Delmas et al. 1992 , Bernardi Aubry et al. 2000 , Koukaras and Nikolaidis 2004 .
The occurrence of shellfish poisoning in the Adriatic Sea was first noted in 1989 in the northern part (Boni et al. 1992 , Della Loggia et al. 1993 , Marasović et al. 1998 . Toxic compounds other than the more frequently detected okadaic acid (OA) and dinophysistoxin-1 (DTX-1) were found to be involved in DSP phenomena (Pavela-Vranč ić et al. 2002) .
This study analyses data obtained during the harmful algal bloom (HAB) monitoring program on shellfish resources in Croatian coastal waters of the eastern Adriatic Sea from 2001 to 2005. The purpose of this program was (1) to find out which Dinophysis species appear in Croatian coastal waters and to determine their seasonal and spatial occurrence patterns based on the 5-year study period, and (2) to determine DSP toxin profiles occurring at Croatian shellfish farms. On the basis of the results, we describe the dynamics of Dinophysis species and DSP toxicity occurrence along the eastern coast of the Adriatic Sea, both of which have been poorly reported so far.
Materials and methods

Investigated area
The area investigated comprised five different shellfish farming zones along the eastern Adriatic coast and station VB located in the eastern part of Kaš tela Bay in the middle Adriatic Sea (Figure 1 ).
In the northern Adriatic Sea, the first area investigated is located along the western coast of the Istrian peninsula, comprising stations IP1 (11 m) and IP2 (8 m) located in a shellfish farming area, and IP3 (18 m) located in wild shellfish stocks ( Figure 1A ). The shellfish farm is located 4-5 km south of the Mirna River estuary, without significant freshwater or sewage water inflow, and is therefore convenient for shellfish farming. The second area investigated is a shellfish farm placed in the very narrow, land incised, 600 m long Lim Bay ( Figure 1B) . The maximum depth of 33 m is at the entrance of the Bay. Station LB1 (14 m) is located in the shallow inner part, which is the most productive area due to the strong influence of ground waters enriched with organic matter. The third area investigated, containing station NB1 (10 m) is located in the land incised and enclosed Novigrad Bay, and is influenced by the River Zrmanja estuary ( Figure 1C) . A stratified water column with a sharp and shallow halocline characterizes this area. Nutrient concentrations and distributions indicate oligotrophic conditions in the bay (Burić et al. 2004 ).
In the mid Adriatic Sea, stations Š B1 (8 m), Š B2 (11 m), and Š B3 (17 m) are located in the Š ibenik Bay ( Figure  1D ). This area, influenced by the Krka River estuary, is one of the most productive bays along the east Adriatic coast, with freshwater present in the surface layer throughout the entire area. Station VB (18 m) is located in a shallow, semi-enclosed, eastern part of the larger Kaš tela Bay in the mid Adriatic Sea ( Figure 1E ). This locality is characterized by reduced water exchange with the larger Bay area, and increased nutrient concentrations originating from anthropogenic pollution (ZoreArmanda 1980). Phytoplankton blooms are known to occur sporadically (Marasović and Vukadin 1982 , Marasović et al. 1991 , 1995 . Data obtained from this station were analyzed separately due to different sampling methodology and absence of the shellfish farms in the adjacent waters.
In the South Adriatic Sea, sampling stations are located in Mali Ston Bay, which is one of the most important shellfish farming areas in Croatia ( Figure 1F ). The bay is located at the end of the Neretva Channel. The outer part is under the occasional influence of the River Neretva, whose influence in the inner part of the bay is weak (Vukadin 1981) . Four sampling stations MSB1, MSB2, MSB3, and MSB4 are located in this Bay, with depths from 7 m to 8 m at all stations.
Field surveys
Field surveys were conducted from January 2001 to December 2005. In the colder part of the year (from November to March), sampling was performed on a monthly basis. In the warmer period from April to October, sampling was carried out every 2 weeks, but only the higher abundances were used in the analysis. At shellfish farms, phytoplankton samples were collected with a plankton net (mouth diameter 29 cm, mesh size 20 mm) towed vertically from near bottom to the surface.
The results were expressed as the number of cells m -2 . According to an earlier study by Sidari et al. (1995b) and our previous field experiences, net sampling is more suitable for the detection of low abundance species, such as Dinophysis spp. Since cells tend to aggregate at different depths in the water column, we believe that it is more accurate to express their abundance per m 2 rather than dividing their abundances by volume of filtered water, which could lead to the underestimation of their density. Abundances per m 2 were calculated as N=P=F, where N is the number of organisms in the counting chamber, P is a proportion of total volume to subsample volume and F is net factor calculated as 1 m 2 divided by net area (r 2 p). Apart from the vertical net hauls, additional phytoplankton samples were taken with a 1.7 l Niskin bottle in the surface layer in 2001.
In 2001 at station VB in Kaš tela Bay, phytoplankton samples were taken with a 1.7 l Niskin bottle at 0, 5, 10, and 18 m depths. Samples were fixed with glutaraldehyde solution (final concentration of 0.5%). Phytoplankton species were identified and counted under an inverted microscope (Olympus IX50, Tokyo, Japan) according to the Utermö hl method (Utermö hl 1958). For Dinophysis spp. abundance determination, the whole chamber bottom was scanned for cells. Chlorophyll a concentrations were determined fluorometrically from 90% acetone extracts (Strickland and Parsons 1972 ) with a Turner (Sunnyvale, CA, USA) TD 700 laboratory fluorometer. Temperature and salinity in the surface and bottom layers were recorded with a YSI (Yellow Springs, OH, USA) Model 63 handheld pH, salinity and temperature probe. At station VB in Kaš tela Bay, temperature and salinity were measured with a CTD probe ''Idronaut'' (Brugherio, Italy). Oxygen concentrations were determined using the Winkler method (Strickland and Parsons 1972) . Nutrients concentrations at station VB in Kaš tela Bay were determined colorimetrically on an AutoAnalyzer-3 (Bran and Luebbe, Norderstedt, Germany) according to Grasshoff (1976) .
Evaluation of DSP toxicity presence
At shellfish farms, mussel samples for evaluation of DSP toxicity presence were collected from ropes at 1-5 m depth. DSP toxicity was analyzed using the mouse bioassay method according to Yasumoto et al. (1985) . Shellfish hepatopancreases (20 g) were extracted with acetone and diethyl ether. Evaporated extracts were dissolved in 1% Tween 60, followed by dilution of the sample (1 ml) for use in the test. Three replicate tests were performed. A test was regarded as toxic for humans if the result was positive within 5 h (Marcaillou-Le Baut et al. 1985 , Yasumoto et al. 1985 .
Determination of toxins in shellfish
Samples that induced a positive mouse bioassay were analyzed for toxin profiles (okadaic acid, OA; carboxyyessotoxin, COOHYTX; 45-hydroxyyessotoxin, 45-OHYTX; yessotoxin, YTX; homo yessotoxin, homoYTX; 45-hydroxyhomoyessotoxin, 45-OHhomoYTX; gimnodimine; spirolid; dinophysistoxin-1, DTX 1; dinophysistoxin-2, DTX 2; pectenotoxin-2, PTX2; pectenotoxin-6, PTX6; pectenotoxin-2 secoacid, PTX2 secoacid; azaspiracids, AZAs) in Centro Ricerche Marine di Cesenatico (Italy).
In 2001, DSP positive samples were investigated only for concentrations of OA using the PP2A (Protein-Phosphatase Assay) (Holmes 1991 , Tubaro et al. 1996 . In 2004 and 2005, positive samples were investigated further for lipophilic toxins using liquid chromatography tandem mass spectrometry (LC-MS/MS; Quilliam et al. 2001) . LC-MS/MS analyses were performed using a 1200 dm -3 triple quadrupole mass spectrometer (Varian Inc., Walnut Creek, CA, USA).
Meteorological data
Regional precipitation data along the west coast of the Istrian peninsula (Rovinj) used in the analyses were obtained from the State Hydrographic Institute.
Statistical data analysis
The Bray-Curtis coefficient was used to analyze similarity between stations and sampling occasions based on fourth root transformed abundance data set of seven most abundant Dinophysis species (PRIMER 5, version 5.2.9, Plymouth Marine Laboratory, Plymouth, UK) (Clarke and Warwick 2001) . Two-dimensional multidimensional scaling (MDS) ordination was used to illustrate the relationships between stations and between sampling occasions, with superimposed bubble plots representing different abundances of Dinophysis species.
An analysis of the similarities between sampling years was carried out using hierarchical cluster analysis (CA) based on a similarity matrix of fourth root transformed averaged abundances.
Correlation analysis between Dinophysis spp. abundances and environmental factors was performed using the statistical package StatSoft Inc. (2000) STATISTICA for Windows (StatSoft Inc., Tulsa, USA). Differences in temperature and salinity values between different layers were expressed as Dt and Ds, respectively. At stations located in shellfish farms where phytoplankton was sampled by vertical net hauls, Dt and Ds were calculated between surface and bottom layer values. In Vranjic Bay, where sampling was performed by Niskin bottle at defined depths, Dt and Ds were calculated between the sampled depth and the nearest neighboring depth.
Results
Hydrographic parameters
At stations along the western Istrian coast, mean monthly temperature ranged from 8.58C in February to 25.98C in August. Differences between temperature in the surface and in the bottom layer first appeared either in May or June, with maximum duration until August (Figure 2) . In Lim Bay, mean monthly temperature ranged from 9.98C to 26.18C in February and August, respectively, and Dt )38C was detectable from May to August. At stations in Novigrad and Š ibenik Bays, mean monthly temperatures ranged from 6.88C in January to 26.18C in August, with Dt )38C present from May to August. At stations in Mali Ston Bay, the lowest mean monthly temperature of 7.08C was recorded in January, and the highest value of 24.88C in August. Differences between surface and bottom layer temperatures existed for a very short period, probably due to the shallow depth of this area. Novigrad, Š ibenik, and Mali Ston Bays were characterized by inverse thermal stratification during winter (Figure 2) .
Mean monthly salinity along the western Istrian coast ranged from 36.6 to 38.5 in July and January, respectively. In Lim Bay, mean monthly salinity varied from 31.2 to 38.6 in February and January, respectively. In Novigrad Bay, mean monthly salinity ranged from 14.5 to 37.1 in March and May, respectively. The lowest salinity values were recorded in Š ibenik Bay, which has a permanent halocline (Figure 2 ). Mean monthly salinity ranged from 4.7 to 38.5. In Mali Ston Bay, mean monthly salinity varied from 31.5 to 38.1.
In almost the entire area investigated, the lowest salinities were recorded during the colder period of the year, except at stations located along the western coast of the Istrian peninsula, which had minimum surface salinities during summer.
High oxygen concentrations exceeding 6.0 ml l -1 were recorded in the surface layer during spring and winter at all stations. Annual mean values were somewhat higher in the areas influenced by river estuaries, such as Novigrad and Š ibenik Bays.
At (Figure 3) .
MDS ordination (Figure 4) showed that Dinophysis acuminata occurred during spring, followed by D. sacculus in late spring and summer. D. caudata occurred in summer, followed by D. fortii and D. rotundata in late summer and autumn. Among all species investigated, D. acuta occurred in lowest abundances. This species was present in a low abundance during the whole year but higher abundances occurred in spring and autumn periods. D. tripos was present in low abundance in all seasons, but was most abundant during the colder part of the year.
Similarities between different years identified by hierarchical clustering of seven Dinophysis species showed two groups classified at the 86.84% similarity level. The first group comprised 2001, 2002, 2004, and 2005. 2003 was an outlier due to the low abundances of Dinophysis species, likely a consequence of unusually high temperatures and low precipitation observed during that period. (Figure 5 ), which has a permanent halocline (Figure 2 ). Off the western coast of the Istrian peninsula, Dinophysis caudata and D. sacculus abundances were significantly correlated with both Dt and Ds, probably resulting from the simultaneous presence of temperature and salinity differentials between surface and bottom in this area (Figure 2) .
In Mali Ston Bay, Dinophysis fortii abundance was negatively correlated with Dt, a result of the species occurrence during the colder part of the year when there is an inverse thermocline in that area as a consequence of freshwater inflow.
Bottle samples from station VB revealed the presence of Dinophysis sacculus blooms in spring and autumn in the surface layer, with maximum abundance of 3.3=10 . The proportion of D. sacculus in total phytoplankton abundance ranged from 0.05% to 0.94%. D. sacculus abundance was significant negatively correlated with salinity and positively correlated with Ds, oxygen, and nitrate concentrations (Table 2) , but there was no significant correlation between temperature and chlorophyll a.
Mouse bioassay and Dinophysis diversity during DSP toxicity events
The Along the western coast of the Istrian peninsula in 2005, toxicity events were recorded after an intensive rainfall period with unusually low salinity and precipitation quantities considerably exceeding the long-term average. 
DSP toxin profile
Discussion
Annual dynamics of Dinophysis species in the eastern Adriatic Sea
Dinophysis species occurrence in the Adriatic Sea has been reported regularly during the last decade (Giacobbe et al. 1995 , Caroppo et al. 1999 , Bernardi Aubry et al. 2000 , Caroppo 2001 , Pavela-Vranč ić et al. 2002 , France and Mozetič 2006 . Ours is the first study to evaluate the seasonal and spatial pattern of Dinophysis bloom dynamics along the Croatian coast over an extended time scale and under varying hydrographic conditions. In the period from 2001 to 2005, 13 Dinophysis species were identified, among which, seven were recorded regularly: D. acuta, D. acuminata, D. caudata, D. fortii, D. rotundata, D. sacculus and D. tripos. Several authors report that the Dinophysis species represent only a small fraction of total phytoplankton assemblage (Maestrini 1998 , Bernardi Aubry et al. 2000 . This conclusion was largely confirmed in our study, but an exception was noted at stations located along the western coast of the Istrian peninsula, where D. rotundata contributed up to 64% to the total phytoplankton population. Under these conditions, with Dinophysis species dominating the community, these phytoplankters can probably induce shellfish toxicity even if present in low abundances. This shows that during monitoring activities both Dinophysis species presence and their contribution to total phytoplankton community should be taken into consideration.
Although Dinophysis species occurred mostly during warmer parts of the year, they differed in timing of appearance. D. acuminata and D. sacculus appeared in spring and early summer, while D. caudata was characteristic of the summer period. D. fortii and D. rotundata occurred in late summer, while D. tripos, contrary to much of the published data (Sidari et al. 1995a , Blanco et al. 1998 , Maestrini 1998 , Bernardi Aubry et al. 2000 , appeared in the winter period. High abundances of D. sacculus in the Adriatic and Mediterranean Seas during spring and summer periods have already been reported (Bernardi Aubry et al. 2000 , Giacobbe et al. 2000 , Caroppo 2001 ). An intensive bloom of D. acuminata in eastern Mediterranean coastal waters was recorded during winter and spring (Koukaras and Nikolaidis 2004) . In the North Sea, D. acuminata bloomed during late summer, while D. acuta was more abundant in spring and late summer (Klö pper et al. 2003) . In Maizuru Bay (Japan), D. acuminata had maximum occurrence during spring and autumn (Nishitani et al. 2002) . These various seasonal appearances in different geographic areas presumably reflect differences in physical and chemical conditions of the seawater. Temperature is frequently reported as an important factor influencing Dinophysis spp. distribution (Delmas et al. 1992 , Cabrini et al. 1995 , Reguera et al. 1995 , Bernardi Aubry et al. 2000 , Koukaras and Nikolaidis 2004 . In our study, the most significant positive relation with temperature was recorded for D. caudata and D. sacculus. According to Maestrini (1998) , the role of temperature is expressed as an increasing stratification of the water column, rather than as a direct effect on Dinophysis spp. In this study, we obtained significant relationships between Dinophysis spp. abundances and Dt and Ds. D. sacculus, D. caudata, and D. rotundata developed higher abundances in the warmer part of the year when Dt was high as a result of thermal stratification, which commonly occurs from May to September in the Adriatic Sea (Buljan and Zore-Armanda 1976) . Significant relationships with Ds were calculated for D. acuta, D. fortii, and D. tripos, which developed highest abundances in Š ibenik Bay, an area characterized by a permanent halocline. D. sacculus abundance had a significant relationship with Dt in Novigrad Bay, and a significant relationship with Ds at station VB in Kaš tela Bay, indicating that the abundance of this species is related to pycnocline presence rather than the origin of stratification in the water column. These findings support the generally accepted theory that stability of the water column is a critical condition for accumulation of Dinophysis cells and its dense patchy distribution. Negative correlation between salinity and Dinophysis sacculus abundance occurred in bottle samples collected in the semi-enclosed Kaš tela Bay (Table 2) . High affinity of D. sacculus for semi-enclosed basins, estuaries, and lagoons has already been reported (Giacobbe et al. 1995 , Zingone et al. 1998 . D. sacculus is an autotrophic species, and its significant abundance correlation with nitrate (that we recorded in the Kaš tela Bay at station VB) has been previously reported by Giacobbe et al. (1995) and Caroppo (2001) . Although accumulation on the pycnocline explains the formation of dense populations, it does not show which nutrients and environmental factors sustain growth. The majority of Dinophysis species are mixotrophic and the relative importance of photosynthesis, dissolved organic nutrients, and feeding are still largely unknown (Burkholder et al. 2006) . Boni et al. (1992) . Shellfish toxicity events mostly occurred in the northern Adriatic Sea which is periodically under significant influence of the River Po (Degobbis et al. 2000) . The northern Adriatic Sea is more eutrophicated than the mid and southern Adriatic Sea, supporting the theory that eutrophication processes stimulate algal blooms (Hallegraeff 1995) . Much higher abundances of D. caudata and D. fortii were recorded at offshore station IP3 than at inshore stations IP1 and IP2, suggesting an offshore origin of the bloom. During the summer season when a stratified water column occurs, less saline waters from the Italian rivers flow above the pycnocline not only along the western coast, but also towards the northern and eastern coasts (Orlić 1989) . It is possible that this water mass favors Dinophysis spp. growth or even spreading to the eastern part.
Dinophysis species and DSP toxicity events
During the 5-year investigation period, we observed differences in the frequency of toxicity events. In 2002 and 2003, there were no events of DSP shellfish poisoning; in 2001 and 2004 there were a few toxicity events, while in 2005, a year characterized by unusually high precipitation quantities, significant DSP toxicity events were recorded. Toxicity events mostly succeed intensive rainfall periods, which cause increased river drainage that elevates nutrient input, leading to phytoplankton blooms. Vale and Sampayo (2003) report that rainfall is an extremely important factor in controlling in situ blooms of toxic Dinophysis spp. and, consequently, toxicity implications for shellfish. DSP toxin profiles showed that OA and yessotoxin are the main DSP toxins in Croatian waters of the eastern Adriatic Sea. Besides OA, which has previously been reported (Orhanović et al. 1996 , Marasović et al. 1998 ), our results confirm an earlier suggestion that yessotoxin is present (Marasović et al. 1998 , Pavela-Vranč ić et al. 2002 . The presence and high cell densities of Lingulodinium polyedrum during DSP toxicity events in the northern Adriatic Sea indicate the involvement of this species in yessotoxin appearance, as previously reported for this water body (Tubaro et al. 1998 , Draisci et al. 1999 .
Conclusions
The present study emerging from a 5-year data set demonstrated: (1) that seasonal cycles of Dinophysis species in Croatian waters were initiated by D. acuminata in spring followed by D. sacculus in late spring and summer and D. caudata in summer, continuing with D. fortii and D. rotundata in late summer and ending with D. tripos in winter, (2) that toxicity events occurred more frequently in the more eutrophicated northern Adriatic Sea than in the southern Adriatic Sea, (3) the possible offshore origin of the bloom in the northern Adriatic Sea and the influence of less saline waters from the Italian coast on Dinophysis species spreading towards the eastern Adriatic waters, (4) that D. fortii, D. rotundata, D. caudata, D. sacculus, and D. tripos were species associated with DSP toxicity events in Croatian waters, (5) the existence of significant relations between Dinophysis spp. and low salinity, and between D. sacculus and nitrate concentration, and (6) the presence of yessotoxin in addition to OA as the main DSP toxins in Croatian waters.
